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Abstract 
This article studies the effects of the CeCl3 concentrations in conversion solutions with and without addition of NaCl, 
pH-values of conversion solution, drying temperature, time and temperature of immersion on the Ce-conversion coatings for 
corrosion protection of the SiCp/5A06 Al-MMC and 5A06 Al-alloy in the 3.5% NaCl aqueous solution at room temperature. 
Potentiodynamic polarization tests reveal that the Ce-conversion treatment could markedly improve the pitting corrosion resis-
tance of the composite and the matrix alloy in chloride containing environment. The best corrosion resistance effects are ob-
tained for the samples treatment in 1‰ CeCl3·7H2O/ 3.5% NaCl solution at 45 °C for 60 min, followed by drying at 100 °C for 
30 min. Examinations by means of scanning electron microscopy (SEM), energy dispersion spectroscopy (EDS) and X-ray pho-
toelectron spectroscopy (XPS) indicate that this behavior is due to the precipitation of Ce-oxides/hydroxides on the cathodic 
intermetallics and the Al-oxide film on the rest of the metal matrix. 
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1. Introduction1 
Since last two decades, particulate-reinforced metal 
matrix composites have occupied all the more impor-
tant places in aerospace, marine equipment and auto-
mobile industries[1-2]. However, one of the major con-
cerns about replacing metallic alloys with metal matrix 
composites (MMCs) is the worsening effects of rein-
forcing constituents on the corrosion resistance. The 
frequency of presenting discontinuities in the protec-
tive oxide film tends to remarkably increase by addi-
tion of reinforcing phases[3].  
Refs.[2]-[3] have reported that the pitting corrosion 
is the major form of attack in the SiC/Al-MMCs. This 
leads to the necessity of developing protective tech-
niques to improve the corrosion resistance. So far, Cr6+ 
has been the most extensively used corrosion inhibitor 
for Al-alloys due to its rather high performance to cost 
ratio and self-healing capability. However, the highly 
toxic and carcinogenic nature of Cr6+ has induced a 
sense of urgency to explore more echo-friendly alter-
natives[4]. Of them, the treatment by immersion in lan-
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thanide salts solution is the most promising, which 
affords effective protection against corrosion of 
Al-alloys by forming insoluble oxides/hydroxides 
layer on the cathodic phases[4-6]. Unfortunately, the 
effectiveness of this treatment was obtained by immer-
sion of samples in conversion solution for longer time. 
For instance, F. Mansfeld, et al.[5] treated the Al 
6061/SiCp and Al6061/graphite MMCs in 1‰ CeCl3 
solution for one week and gained noticeable improve-
ments in corrosion resistance in the subsequent tests in 
a 0.5N NaCl solution. Undoubtedly, such a prolonged 
immersion makes this kind of treatments commercially 
unprofitable. Therefore, researchers[6-10] tried to de-
crease the treatment time by adding H2O2 oxidant 
and/or adopting thermal/electrochemical activation 
techniques. Till now, nowhere in literature can be 
found any material about ameliorating corrosion pro-
tection of 5A06 Al-alloy and its composites by using 
CeCl3·7H2O thermal conversion coatings. 
The present work is intended to determine the opti-
mal procedure for Ce-conversion coatings on SiCp/ 
5A06 Al-MMC and its matrix alloy. The effects of 
different variables on the performances of the coating 
are evaluated by means of electrochemical measure-
ments, scanning electron microscopy (SEM), energy 
dispersion spectroscopy (EDS) and X-ray photoelec-
tron spectroscopy (XPS). 
 Open access under CC BY-NC-ND license.
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2. Experimental Procedure 
There are two kinds of materials, of size 20 mm × 
15 mm × 2 mm, used for conversation coatings. The 
one is 5A06 Al-alloy and the other is 5A06 Al-alloy 
reinforced with 17.5% SiCp (3.5 Pm in size) MMC. 
Table 1 lists the nominal composition of the 5A06 
Al-alloy under study. 
Table 1 Compositions of 5A06 Al-alloy under study 
Mg Mn Si Fe Zn Cu Al 
5.8-6.8 0.5-0.8 0.4 0.4 0.2 0.1 Balance
Prior to coating, the test pieces were polished to 
P1200 grit, greased with acetone and rinsed with run-
ning water. Afterwards, they were immersed in the 
CeCl3·7H2O/3.5% NaCl solution rinsed in deionized 
water thoroughly, furnace dried and then stored for 24 
hours in a desiccator. The following alterations were 
made during conversion coatings: 
(1) (0.5‰, 0.8‰, 1‰, 1.2‰, 2‰, and 5‰) Ce- 
Cl3·7H2O/3.5% NaCl aqueous solution with pH- value 
of 6.0 at 45 °C for 60 min. 
(2) 1‰ CeCl3·7H2O aqueous solution with pH-value 
of 6.0 at 45 °C for 60 min. 
(3) 1‰ CeCl3·7H2O/3.5% NaCl solution with pH- 
value of 5.0, 5.5, 6.0 and 7.0 at 45 °C for 60 min. 
(4) 1‰ CeCl3·7H2O/3.5% NaCl with pH-value of 
5.5 for 60 min and 120 min. 
(5) Immersion for 60 min in 1‰ CeCl3·7H2O/3.5% 
NaCl solution with pH-value of 5.5 at 45 °C and 70 °C 
for 60 min. 
(6) 3.5% NaCl-1‰CeCl3·7H2O solution with pH- 
value of 5.5 for 60 min at 45 °C and dried at 50 °C and 
100 °C for 30 min. 
The electrochemical properties were evaluated on a 
CHI660A electrochemical work station by using a 
working electrode with an exposed surface area of 
0.28 cm2, a saturated calomel reference electrode and a 
Platinum foil counter electrode in 3.5% NaCl solution 
at room temperature. After 20 min of immersion, po-
tentiodynamic polarization measurements were started 
from –1 100 mV with a scanning rate of 0.5 mV/s until 
the anodic corrosion current density reached 5 mA/cm2. 
The curves were analyzed by the CHI version 2.07 
software to attain the corrosion current density –icorr 
and the open circuit potential –Ecorr. Tests were dupli-
cated to ensure the reliability of the results. 
The surface morphology and chemical composition 
were examined with S-530 type SEM manufactured by 
Hitachi and equipped with an EDS spectrometer (Ox-
ford, Link INCA) and an XPS (AXIS-ultra instrument 
from Kratos analytical, using mono-chromatic Al KĮ 
X-ray source (1 486 eV) run on 225 W). 
3. Results and Discussion 
Present authors[11] have reported that SiCp/5A06 
Al-MMC undergoes faster corrosion than its matrix 
alloy due to the presence of fine and uniformly distrib-
uted intermetallics (Al(Fe, Mn)/Al (Fe, Mn, Si), Al(Si, 
Mg)) and crevices at the interface of SiCp/matrix. 
3.1. Surface analysis  
Figs.1-2 show the SEM images of the 5A06 Al-alloy 
and the SiCp/5A06 Al-MMC after Ce-conversion 
treatment, respectively. 
It can be observed from the EDS spectra (see 
Figs.1-2) that cerium oxides/hydroxides precipitate 
only on a few regions. EDS analysis reveals that ce-
rium oxides/ hydroxides mainly form over the cathodic 
intermetallic compounds Al(Fe, Mn)/Al (Fe, Mn, Si) 
but to less extent on SiCp (see Fig.2(c)) and never de-
posit on the surface of metallic matrix or anodic Al(Si, 
Mg) intermetallics (see C point in Fig.1(a)). However, 
a thin layer of Al-oxide over the rest of the metallic 
matrix can be observed by EDS at the B point in 
 
(a) SEM image 
 
(b) EDS spectra on A point 
 
(c) EDS spectra on B point 
Fig.1  SEM image and EDS spectra on A and B points of 
5A06 Al-alloy after immersing for 60 min in 1‰ 
CeCl3·7H2O/3.5% NaCl solution at 45 °C and drying 
at 100 °C for 30 min. 
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(a) SEM image 
 
(b) EDS spectra on A point 
 
(c) EDS spectra on B point 
Fig.2  SEM image and EDS spectra on A and B points of 
SiCp/5A06 Al-MMC after immersing for 60 min in 
1‰ CeCl3·7H2O/3.5% NaCl solution at 45 °C and 
drying at 100 °C for 30 min. 
Fig.1(c). The previous studies have pointed out that the 
iron-containing intermetallics are cathodic than the 
Al-Mg alloy matrix and SiCp are poor electrical con-
ductors in nature[2,12]. It has been reported that the 
intermetallics and the second phase particulates of 
better conductivity could act as cathodic sites, and the 
cerium oxides/hydroxides could deposit on these sites 
during the process of conversion coating[4,9]. SEM/ 
EDS results have also evinced that the mechanism of 
forming mixed layers on the cathodic sites and metal 
matrix after conversion treatment is most probably 
through the following two steps. 
In the first step, anodic (metal dissolution) and ca-
thodic (oxygen reduction) reactions take place simul-
taneously after immersion in NaCl solution[13]: 
2 2O   2Ǿ O  4e    4OH   o           (1) 
2 2 2 2O 2H O 2e  H O 2OH
   o         (2) 
The most important anodic reaction is the aluminum 
oxidation: 
3Al  Al 3e o                (3) 
In the second step, the Ce3+ and Al3+ cations in the 
solution react with the OH– ions and form Ce(OH)3 
and Al(OH)3 layers, which deposit on the cathodic 
intermetallics and the rest of matrix alloy respectively.  
 3  3Ce 3OH Ce OH  o           (4) 
A. J. Ahdykiewicz, et al.[14] have confirmed the oxi-
dation of Ce3+ into Ce4+ in the presence of H2O2, re-
sulting from oxygen reduction reaction according to 
Eq.(2):  
 23 2 2 22Ce H O 2OH  Ce OH    o     (5) 
Afterwards, these compounds preferentially form 
Ce3+ or Ce4+ hydroxide films on the metal surface[9] 
based on the following equations: 
   22 3Ce OH OH e Ce OH   o       (6) 
   22 4Ce OH 2OH Ce OH  o        (7) 
It is noted that the 5A06 Al-alloy does not subject to 
any changes in surface color after Ce conversion 
treatment while the surface of the SiCp/5A06 Al-MMC 
becomes pale yellow, most probably due to the pres-
ence of Ce4+ ions. 
In order to confirm the chemical states and compo-
sitions in the Ce-conversion coatings, XPS analysis 
was made and Fig.3 presents their Ce3d spectra. From 
the Ce3d spectra of SiCp/5A06 Al-MMC, it can be 
concluded that Ce4+ is the dominant oxidation state due 
to the existence of a characteristic peak at the binding 
energy of around 916.7 eV together with minor peaks 
at 882.7 eV, 887.6 eV, 898.5 eV, 900.8 eV and 907.5 
eV[6,15]. Besides, the peak at 886.1 eV indicates the 
characteristic of Ce3+[15]. On the other hand, the exis-
tence of peaks at the binding energies of 885.9 eV and 
904.3 eV reveals the major contribution of Ce3+ for the 
coating born on 5A06 Al-alloy. Additionally, from the 
peaks at 882.3 eV, 901.0 eV and 916.6 eV, the pres-
ence of Ce4+ in the conversion coating on the 5A06 
Al-alloy can also be identified.  
Further, Fig.4 shows there being two distinct peaks 
at 531.7 eV and 529.5 eV for SiCp/5A06 Al-MMC and 
one wide peak at 531.8 eV with a full width half 
maximum (FWHM) more than 2 eV for the 5A06 Al- 
alloy. M. Dabala, et al.[16] attributed the presence of 
peak at binding energy of 531.8 eV and the shoulder 
peak at 529.3 eV to the existence of Al2O3/Ce2O3 and 
CeO2, respectively. Earlier, it has been reported that 
initially formed hydroxide film leads to the formation 
of several oxides (Al2O3, Ce2O3, CeO2) after drying[8-9]. 
Therefore, from the XPS and EDS results, it can be 
concluded that the Ce-conversion film consists of 
Al2O3, Ce(OH)3, Ce(OH)4, Ce2O3 and CeO2. 
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Fig.3  XPS Ce3d spectra of Ce-conversion coatings on 
SiCp/5A06 Al-MMC and 5A06 Al-alloy. 
 
Fig.4  XPS O1s spectra of Ce-conversion coatings on SiCp/ 
5A06 Al-MMC and 5A06 Al-alloy. 
3.2. Electrochemical measurements  
(1) Conversion treatment of 5A06 Al-alloy 
ķ Variation of Ce and NaCl-concentration 
Fig. 5 presents the polarization curves acquired from 
5A06 Al-alloy treated in solutions with different 
CeCl3·7H2O-concentrations with and without addition 
of 3.5% NaCl. Table 2 lists the parameters thus ob-
tained, where Epit is the pitting potential. 
From Fig. 5, can be observed a leftward displace-
ment of the anodic and cathodic arms of polarization 
curves obtained from the Ce-coated samples. This 
clearly demonstrates that both anodic and cathodic 
processes are restrained probably due to the formation 
of mixed layers comprising islands of cerium oxides/ 
hydroxides on cathodic precipitates and a Al-oxide 
film over the rest of metal matrix. Further, an en-
hancement of pitting nucleation resistance Epit – Ecorr 
after conversion treatment has also been recorded. 
However, the material does not display any classical 
passive potential region even after treatment. M. 
Bethencourt et al.[4] have reported that the negative 
shifts of corrosion potential Ecorr and leftward dis-
placement of the cathodic branch of the polarization 
curves are the typical characteristics of cathodic inhi-
bition. 
 
Fig.5  Polarization curves for conversion treated 5A06 Al- 
alloy as function of cerium chloride salt concentra-
tions, with and without addition of 3.5% NaCl. 
Table 2  Electrochemical parameters of the Ce-treated 
5A06 Al-alloy samples in 3.5% NaCl solution at 
room temperature 
Variable Ecorr/mV Epit/mV 
lg(icorr/ 
(A·cm–2))
As received sample –767 –740 –5.15 
0.5 –740 –740 –6.14 
0.8 –772 –681 –6.89 
1.0 –830 –632 –7.54 
1.2 –780 –661 –7.46 
2.0 –777 –650 –7.33 




NaCl) –771 –715 –7.01 
5.0 –803 –747 –7.39 
5.5 –929 –591 –8.10 
6.0 –830 –632 –7.54 
pH 
7.0 –752 –666 –7.37 
45 °C –929 –591 –8.10 Immersion 
temperature 70 °C –721 –664 –7.58 
60 min –929 –591 –8.10 Immersion 
time 120 min –782 –692 –7.49 
100 °C –929 –591 –8.10 Drying 
temperature 50 °C –910 –631 –7.68 
 
Moreover, the treatment causes an increase of Epit 
can be the result of the formation of Al2O3 film over 
the rest of the metal matrix, which obstructs the forma-
tion of crystalline pits. Recently[17], it has been proved 
that areas at and adjacent to the cathodic intermetallics 
are not affected by the formation of crystallographic 
type of pits. Further, M. Bethencourt, et al.[10] have 
concluded that the presence of Ce4+ in the conversion 
coating is also responsible for positive shift of Epit. 
Table 2 indicates that cerium conversation film pro-
vides noticeable corrosion protection effects in all 
cases under study. By comparison between the samples 
treated with different CeCl3-concentrations with and 
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without NaCl, it can be discovered that the maximal 
reduction in corrosion current density and Epit – Ecorr 
result can be obtain by treatment in the solution having 
1‰ CeCl3·7H2O and 3.5% NaCl.  
These findings can be explained by XPS and EDS 
analyses which show the presence of cerium ox-
ide/hydroxide islands over the cathodic zones and a 
thin Al-oxide film on the metal matrix. This means that 
coatings thus formed are beneficial to block most of 
the cathodic sites and form high-quality Al-oxide films 
over the surfaces of matrix phase.   
Nevertheless, treatments in solutions with less than 
1‰ cerium chloride cannot produce the same protec-
tive effects as in those with the 1‰ cerium chloride. 
This may be attributed to the insufficient amount of 
available Ce3+ cations to fully cover the cathodic sites, 
thus leaving behind some cathodic areas to support he 
anodic reaction. However, the similar phenomenon can 
also be found in the pieces treated in the solutions with 
higher CeCl3·7H2O-concentration. This may be as-
cribed to there being more Cl– anions than Ce+3 cations, 
thereby raising the system’s activity and counteracting, 
to some extent, the function of the Ce3+ cations as in-
hibitors. 
By comparing the results obtained from treatments 
in 1‰ CeCl3·7H2O solution with or without the addi-
tion of 3.5% NaCl, it is observed that adding NaCl 
improves the protective effectiveness. This may be due 
to two simultaneous steps for the formation of hetero-
geneous layers on the cathodic intermetallics and the 
rest of metal surfaces. NaCl addition is helpful for ac-
tivating cathodic sites where oxygen reduction reaction 
takes place and leads to increase the local pH-value. In 
this way, pitting attack starts around the cathodic sites. 
As a consequence of this process, cerium oxides/hy- 
droxides formed as Ce3+ ions meet OH– ions. Mean-
while, some OH– ions react with Al3+ ions in the proc-
ess of metal dissolution to form Al(OH)3 films over the 
metal matrix. 
ĸ Variation of pH-value 
The effects of pH-value are studied by treating 
5A06 Al-alloy in 1‰ CeCl3·7H2O/3.5% NaCl solution 
with varying pH-values (see Fig.6). The pH-value of 
the solution is adjusted by dilute NaOH and HCl. It is 
observed that with the increase in pH-value from 5.0 to 
6.0, the corrosion potential value shifts to more ca-
thodic direction and Epit – Ecorr is subject to uneven 
increase, probably because the increase in pH-value is 
beneficial to the reaction of OH– ions to Ce3+ and Al3+ 
cations to form cerium hydroxides and/or Al-hydro- 
xides. Therefore, a dual effect can be observed in the 
anodic branch of the polarization curves. On the one 
hand, the cathodic shift of Ecorr is due to the increase in 
the area covered by Ce oxides/hydroxides. On the 
other hand, Epit increases significantly due to formation 
of high-quality Al-oxide films on the metal matrix. It is 
assumed that 1‰ cerium chloride solution with addi-
tion of 3.5% NaCl and bulk solution with pH-value of 
5.5 are favorable for reaction of Ce3+/Al3+ cations to 
OH– anions to form relatively compact layers on the 
sample surfaces. Therefore, a decrease in Ecorr and an 
increase in Epit values occur at pH-value of 5.5.  
 
Fig.6  Polarization curves for conversion treated 5A06 
Al-alloy as a function of pH-values. 
Further, the reason behind the degradation of the 
protective effects when the pH-value is more or less 
than 5.5 is assumedly due to the insufficiency of OH– 
or Ce3+ ions, thereby leading to incomplete blocking of 
cathodic sites and causing the formation of defective 
films on the surface. A. Pardo, et al.[6] has reported that 
the deterioration of coating effects at pH > 6.0 results 
from the precipitation of lanthanide compounds in the 
solution rather than on the metal surfaces. According 
to Ref.[18], the solubility of Ce3+ cations varies with 
pH-value abiding by the following equation:  
3+
2 2 32Ce + 3H O  Ce O   6H
   
3lg [Ce ]  22.15 3pH            (8) 
Ĺ Effects of immersion time and immersion solu-
tion/post-drying temperature  
The earlier studies on conversion coating at room 
temperature have pointed out that the main drawback 
of this technique is the excessively prolonged process, 
which may last from several hours to a few days. At 
present, the time has been cut to a few minutes with 
the help of H2O2 and/or thermal/electrochemical acti-
vation techniques[6-10]. Fig.7 shows that the best results 
could be achieved through immersion at 45 °C for 60 
min in 1‰ CeCl3·7H2O solution with addition of 3.5% 
NaCl followed by drying at 100 °C for 30 min. From 
the XPS analysis, it can be surmised that the im-
provement of the corrosion protection results from 
some remaining Ce3+ oxidized into Ce4+, thus protect-
ing the substrate similar to the chromate conversion 
treatment. X. Yu, et al.[8] has reported that the post- 
drying is helpful to oxidize Ce3+ into Ce4+. However, 
as Table 2 shows, prolonging immersion over 60 min 
or raising solution temperature to 70 °C would de-
crease the coating effectiveness, possibly due to corro-
sive behavior of conversion solution for Al-alloys. 
It can be concluded that the optimal procedure to 
carry out the conversion coating in CeCl3·7H2O salt 
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solution consists of: ķ to degrease with acetone in 
ultrasonic bath for 5 min at room temperature and to 
wash in deionized water, ĸ to immerse at 45 °C for 60 
min in 1‰ CeCl3·7H2O solution added by 3.5% NaCl 
with pH-value of 5.5 and Ĺ to wash in deionized wa-
ter and dry at 100 °C for 30 min. 
 
Fig.7  Polarization curves for conversion treated 5A06 
Al-alloy as a function of immersion temperature/ 
time and drying temperature. 
(2) Conversion treatment of SiCp/5A06 Al-MMC 
Fig.8 illustrates the polarization curves obtained 
from the SiCp/5A06 Al-MMC untreated and Ce- 
treated by the optimal procedure (immersion at 45 °C 
for 60 min in 1‰ CeCl3·7H2O solution added by 3.5% 
NaCl with pH-value of 5.5 followed by drying at   
100 °C for 30 min). Table 3 lists the measured data of 
icorr, Epit and Ecorr from the polarization curves. It can 
be observed from Fig.8 that anodic and cathodic arms 
of the polarization curve shift leftward after the treat-
ment and both anodic and cathodic processes are re-
strained after conversion coating. Further, anodic shift 
of pitting potential and cathodic shift of corrosion po-
tential are also observed. This can easily be understood 
from XPS and EDS analyses, which reveals the pres-
ence of CeO2, Ce2O3, Ce(OH)4 and Ce(OH)3 on the 
cathodic zones and Al-oxide on the rest of metal sur-
face. 
 
Fig.8  Polarization curves of SiCp/5A06 Al-MMC untreated 
and Ce-conversion treated. 
By comparing the pitting sensitivity Epit – Ecorr and 
icorr of the composite to those of the matrix alloy, 
which both have been identically treated, the coated 
SiCp/5A06 Al-MMC exposes less improvement in 
protective performances than its matrix alloy (see Ta-
ble 2 and Table 3). This might probably be blame for 
the breakdown of continuity of Al-oxide film by the 
presence of SiCp, pores and crevices (see C in Fig.2(a)) 
at the SiCp/matrix interface. 
Table 3 Electrochemical parameters of Ce-treated SiCp/ 
5A06 Al-MMC in 3.5% NaCl solution at room 
temperature 
Variable Ecorr/mV Epit/mV lg(icorr/ (A·cm–2))
Untreated –747 –737 –4.64 
Treated with 
optimal procedure –851 –696 –7.08 
4. Conclusions 
(1) The Ce-conversion coating proves a powerful 
tool to improve the corrosion resistance of SiCp/5A06 
Al-composite and 5A06 Al-alloy by inhibiting both 
cathodic and anodic reactions in corrosive media due 
to the formation of cerium oxides/hydroxides islands 
on cathodic sites and Al-oxide film on the metal ma-
trix. 
(2) Improvements of protective property can be at-
tained with the help of Ce-conversion coating due to 
the presence of Ce4+ species as a result of oxidizing 
Ce3+, thus providing self-protection just like the Cr- 
conversion treatment. 
(3) The protective property of conversion treated 
SiCp/5A06 Al-MMC is not as effective as that of the 
identically treated matrix alloy, which is most probably 
due to the enhanced frequency of discontinuities in the 
protective oxide films by the presence of SiCp, pores 
and crevices. 
(4) The optimized procedure for Ce-conversion 
coating onto SiCp/5A06 Al-composite and its matrix 
alloy is ķ degreasing with acetone for 5 min, ĸ im-
mersing for 60 min in 1‰ CeCl3·7H2O solution added 
by 3.5% NaCl with pH-value of 5.5 at 45 °C and Ĺ 
drying at 100 °C for 30 min. 
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